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Rapidly identifying the potentially threatening movements of other people and
objects—biological motion perception and action understanding—is critical to maintaining
security in many civilian and military settings. A key approach to improving threat
detection in these environments is to sense when less than ideal conditions exist
for the human observer, assess that condition relative to an expected standard, and
if necessary use tools to augment human performance. Action perception is typically
viewed as a relatively “primitive,” automatic function immune to top-down effects.
However, recent research shows that attention is a top-down factor that has a critical
influence on the identification of threat-related targets. In this paper we show that
detection of motion-based threats is attention sensitive when surveillance images are
obscured by other movements, when they are visually degraded, when other stimuli or
tasks compete for attention, or when low-probability threats must be watched for over
long periods of time—all features typical of operational security settings. Neuroimaging
studies reveal that action understanding recruits a distributed network of brain regions,
including the superior temporal cortex, intraparietal cortex, and inferior frontal cortex.
Within this network, attention modulates activation of the superior temporal sulcus
(STS) and middle temporal gyrus. The dorsal frontoparietal network may provide the
source of attention-modulation signals to action representation areas. Stimulation of this
attention network should therefore enhance threat detection. We show that transcranial
Direct Current Stimulation (tDCS) at 2mA accelerates perceptual learning of participants
performing a challenging threat-detection task. Together, cognitive, neuroimaging, and
brain stimulation studies provide converging evidence for the critical role of attention in
the detection and understanding of threat-related intentional actions.
Keywords: action understanding, attention, biological motion, brain stimulation, human performance
augmentation, neuroimaging, security, threat detection
INTRODUCTION
Rapidly detecting and identifying the movements and actions
of other people—biological motion perception—is an important
function ofmany civilian andmilitary operational settings involv-
ing surveillance and other security related tasks. For example,
cameras mounted in prisons (Tickner and Poulton, 1975) and
other sensitive locations (Stedmon et al., 2011), or on unmanned
air (Cummings et al., 2007) and ground vehicles (Chen and
Barnes, 2012), are increasingly used to provide video or infrared
images to remotely located operators. Surveillance images typi-
cally show people or vehicles in motion and engaged in various
activities. Such information can be used to identify individu-
als who pose potential threats or to determine the potential for
danger in gatherings of large groups of people. The images are
examined for possible threats by skilled human observers (Blake
and Shiffrar, 2007), by automated systems (Cohen et al., 2008), or
by a combination of the two.
Biological motion perception has typically been investigated
in psychophysical studies using simple point-light “stick-figure”
movements of the type pioneered by Johansson (1973). More
recent studies have examined more complex, naturalistic scenes
of people moving or handling objects (Blake and Shiffrar, 2007;
Ortigue et al., 2009; Parasuraman et al., 2009; Grafton and Tipper,
2012; Thompson and Parasuraman, 2012). Identifying the mech-
anisms and neural bases of action observation when people view
naturalistic scenes can advance both the theory and practice in
threat detection. More broadly, understanding the mechanisms of
threat detection can contribute to scientific approaches to security
based on human factors/ergonomics (Nickerson, 2010), neuro-
science (National Research Council, 2008), and the intersection of
these two fields, neuroergonomics (Parasuraman andRizzo, 2008;
Parasuraman, 2011; Parasuraman et al., 2012).
A key approach to improving threat detection is to sense when
less than ideal conditions exist for the human operator in a par-
ticular security environment. The next step is to assess the threat
detection performance of the human operator with respect to
a standard baseline of required capability. Subsequently, and if
necessary, methods can be implemented to augment the human
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operator in case the standard is not met. In this paper we first
describe this Sense—Assess—Augment framework in the context
of security research and practice in the military. We then examine
the perceptual and cognitive mechanisms of biological motion-
based threat detection, focusing on the critical role of attention.
Neuroimaging studies that point to the influence of attention
are also discussed. Finally, given that humans have limited atten-
tional capabilities, we discuss how non-invasive brain stimulation
can be used to enhance threat detection and mitigate operator
performance decrements.
SENSE-ASSESS-AUGMENT FRAMEWORK
A number of agencies in the military are planning how best to
match personnel and emerging advanced technologies that are
being rapidly implemented for use in both the civilian and defense
sectors. For example, in 2010, the Chief Scientist of the US Air
Force released a report outlining the science and technology needs
in the 2010–2030 time frame (Dahm, 2010). A key conclusion
of that report was that natural human capacities are becoming
increasingly mismatched to the enormous data volumes, process-
ing capabilities, and decision speeds that computer technologies
either offer or demand. Although humans today remain more
capable than machines for many tasks, particularly higher-order
decision making and planning, by 2030 machine capabilities may
increase to the point that human capabilities will be significantly
challenged in a wide array of systems and processes. It is also the
case that human operators are being overloaded today by data
that the new technologies are able to provide at ever increas-
ing speed. Both of these trends mean that humans and machines
will need to become far more closely coupled, through improved
human-machine interfaces and by direct augmentation of human
performance. Focused research efforts over the next decade will
permit significant practical instantiations of augmented human
performance. These may come from increased use of autonomous
systems, from novel human-machine interfaces to couple humans
more closely and more intuitively with automated systems, or
from direct augmentation of humans themselves. In this paper
we focus on the last of these possibilities.
There are two primary questions to ask when deciding how
to provide human performance augmentation: when to provide
the augmentation and how to provide it. The answers to these
questions will likely determine if the right augmentation tech-
nique is being employed at the right time to produce the desired
effects. The Sense-Assess-Augment taxonomy provides answers to
these questions. Figure 1 shows a representation of this taxon-
omy. The objective is to sense individual and team cognitive or
functional state (using behavioral or neural measures, or both),
assess the state relative to performance, and if necessary augment
performance to optimize mission effectiveness. This taxonomy is
being applied to improve human performance by leveraging the
integration of several neurocognitive sensing technologies cou-
pled with multiple assessment approaches to provide a robust
understanding of the causes of operator performance decrements
(Galster and Johnson, 2013). Given a better understanding of
the causes for sub-optimal performance, targeted augmentation
techniques can be employed to improve individual or team
performance.
Threat detection has many features in common with other
tasks the Air Force undertakes to defend capabilities in its
air, space, and cyberspace operations. Many of the problems
associated with information overload are exacerbated in threat
detection tasks due to the exponential growth in the number
of pictures or full motion videos that must be processed for
actionable information. The use of the Sense-Assess-Augment
taxonomy allows for the identification of specific bottlenecks
that may occur during the information processing of the data
that is required for accurate threat detection. It also allows
for the augmentation of the operator based on the charac-
teristics of the bottleneck, for example, whether due primar-
ily to issues with divided or sustained attention, or a lack of
the ability to discriminate threats regardless of the amount of
training. The correct identification of the individual’s source
for sub-optimal performance will drive what augmentation
method should be utilized to enhance and optimize human
performance.
In this paper we describe the results of a number of studies
of threat detection within the Sense-Assess-Augment framework.
We begin with a discussion of behavioral studies that have investi-
gated mechanisms of biological motion perception in relation to
threat detection.
FIGURE 1 | Sense-Assess-Augment framework for optimizing threat detection performance. From Galster and Johnson (2013).
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BEHAVIORAL STUDIES
AUTOMATICITY OF BIOLOGICAL MOTION PERCEPTION
Sensing the movement of other biological organisms has played
an important role in the survival and evolution of species.
Biological threats in natural environments—such as the move-
ments of a predator—can help an animal in the “fight or flight”
response. Similarly, the predator uses this ability to sense the
motion of its prey. The capacity for biological motion perception
appears to be largely present at birth. Infants as young as two days
old, for example, show a preference for looking at point-light dis-
plays of biological motion as opposed to randommotion (Simion
et al., 2008). At the other end of the lifespan, older adults, who
typically exhibit an age-related decline in the efficiency of pro-
cessing non-biological moving objects (Gilmore et al., 1992; Jiang
et al., 1999), nevertheless have been reported to be as efficient at
processing biological motion stimuli as the young (Norman et al.,
2004; Billino et al., 2008).
These different lines of evidence would seem to support
the notion that biological motion perception is a “primitive”
and largely automatic function, although it is also possible
that it is learned very early in infancy (2 days). Thornton and
Vuong (2004) provided evidence for automaticity in a study
using the well-known “flanker” task (Eriksen and Eriksen, 1974).
Participants had to determine the direction of movement (left
or right) of a central moving human stick figure while flank-
ing figures either moved in a direction congruent or incongru-
ent with the central figure. The time to identify the direction
of movement of the central figure was slowed in the incon-
gruent condition, indicating that the flanking movements were
processed even though they were outside the focus of atten-
tion and irrelevant to the task. Some computational models
have also supported the view that biological motion percep-
tion occurs automatically through bottom-up visual mechanisms
(Giese and Poggio, 2002).
Such a view would suggest that the detection of the threatening
actions of people and objects should be rapid and efficient, which
it often is under optimal viewing conditions. Yet this appears not
to be always the case, as indicated by the performance of people
watching complex moving images under challenging naturalistic
conditions, such as an unmanned air vehicle operators watching
for threat-related activity in video imagery. One possibility is that
while simple movements and actions may be largely processed
automatically in a bottom-up manner, biological motion may be
influenced by top-down factors under more demanding viewing
conditions, such as when images are degraded due to sensor or
communication channel noise, partially obscured by other move-
ments, when threats only occur rarely, and when other factors are
present that place demands on operator attention. When viewed
in ideal conditions, many movements and actions may be pro-
cessed with little or no effort. However, under non-optimal or
degraded viewing conditions, attentionmay be required to resolve
ambiguity or enhance perceptual processing so that threats are
detected.
EFFECTS OF DIVIDED ATTENTION
Nakayama and Joseph (1998) suggested that many percep-
tual processes—signal detection, pattern perception, object
recognition, etc.—require attentional resources (Norman and
Bobrow, 1975), but typically only to a small degree. Consequently,
in order to demonstrate that a perceptual process is attention sen-
sitive, the observer’s attentional resources may need to be depleted
to a large extent by a secondary task. Thornton et al. (2002)
used this strategy in a dual-task study in which participants
had to discriminate the direction of movement of point-light
displays of human walkers while simultaneously performing a
highly demanding secondary task—detecting changes in the ori-
entation of four rectangles that surrounded the walkers. The
secondary task was presented either with the moving walkers or
with noise dots consisting of scrambled motion. The dual-task
performance decrement was significantly greater for the walk-
ers than for the noise stimuli, suggesting that determining the
direction of movement of human walkers requires a global spatial
integration process that is attentionally demanding. Moreover,
increasing the interval between successive frames of the moving
stimuli—thus making integration of motion information over
time more challenging—also increased interference from the sec-
ondary task. Both sets of findings suggest that perception of
biological motion requires attentional resources. In another study
from the same group, accuracy in determining the orientation
of point-light actions was found to be inversely correlated with
the amount of interference participants exhibited on the Stroop
color-word task, a well-known measure of the ability to control
attention (Chandrashekharan et al., 2010).
The results of these behavioral studies indicate that attention
plays a role in the perception of biological motion, such as deter-
mining the direction of movement of human walkers. But threat
detection involves more than identifying movements: the intent
behind the movements, or action understanding, must also be
identified. Not all movements constitute a threat, only those asso-
ciated with specific intentional actions aimed at other individuals.
Biological motion-based threats could involve movements made
by another person, actions performed on an object, or some com-
bination. If attention is necessary to perceive biological motion,
especially under less than optimal conditions, is it also required
to understand these actions?
EFFECTS OF SUSTAINED ATTENTION
Parasuraman et al. (2009) examined the issue of the role of sus-
tained attention in action understanding. Participants viewed
videos of a person’s hand reaching to grasp either a gun or a sim-
ilarly shaped object (a hairdryer) (Figure 2). The actor (whose
face was not shown) grasped the gun or hairdryer in a man-
ner compatible with using either object (utilization intent) or in
such a way that it could not be used but only moved from one
location to another (transport intent). The object could appear
either in the left or right visual field and could point either left
or right. Participants were asked to detect a particular target
intentional action or threat that occurred infrequently—grasping
the gun to use it to fire in a specific direction. All other move-
ments were classified as non-targets or non-threatening events.
Participants performed the task over a 22min period under two
conditions, with very low image degradation, so that movements
were clearly perceptible, or with high image degradation that
made the detection of intent more difficult.
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When participants viewed videos that were minimally
degraded, they were highly accurate in threat detection and
showed no decline in performance over time on task. Thus, in this
condition, performance was insensitive to anywaning of attention
over the 22-min duration of the task. However, when the images
were degraded, there was a significant decline in hit rate as a func-
tion of time—that is, participants exhibited a vigilance decrement
(Figure 3). This finding is consistent with other findings that vig-
ilance decrement is increased for targets that are difficult to dis-
criminate (Warm et al., 2008). Furthermore, analysis of the distri-
bution of false alarms—incorrect threat present responses made
to non-targets—showed that the requirement to sustain attention
over a long period impaired participants’ understanding of action
intent: false alarms were more frequent for events associated with
the wrong intention (e.g., grasping the gun to transport it instead
of grasping the gun in order to fire it) than for other non-target
events (e.g., using the hairdryer). Thus, the vigilance decrement
could not be attributed to participants letting their minds wan-
der (Robertson et al., 1997), as this would predict a random
distribution of false alarms over non-target types. Rather, threat
detection required effortful allocation of attentional resources,
which became depleted over time (Warm et al., 2008).
These findings are consistent with the view that attending to
the meaning of an observed action, such as the intention behind
FIGURE 2 | Examples of still frames from videos depicting grasping
actions with a gun or hairdryer. From Parasuraman et al. (2009).
FIGURE 3 | Detection rate of threatening actions as a function of time
on task (blocks) under low and high visual degradation conditions.
From Parasuraman et al. (2009).
the action, is demanding if the stimuli are difficult to discrim-
inate. The role of attention in action recognition is therefore
not restricted solely to detecting or discrimination of a specific
human action. Instead, if the movements and actions of peo-
ple and objects occur under degraded viewing conditions, the
decoding of inferences based on observed actions is also atten-
tionally demanding. Attention is known tomodulate neural activ-
ity in brain networks controlling different perceptual processes
(Posner and Petersen, 1990; Petersen and Posner, 2012). Activity
in brain regions responsible for biological motion perception
should therefore also be affected by allocation or withdrawal of
attention. We turn to such evidence next.
NEUROIMAGING STUDIES
THE ACTION UNDERSTANDING NETWORK
Neuroimaging studies using fMRI have revealed that a number
of cortical regions within the dorsal and ventral visual processing
pathways are associated with biological motion perception and
action understanding. Figure 4 shows the major components of
the associated cortical networks. It should be noted that while the
specific functions that each of these cortical areas mediate have
been identified, the coordination and relative timing of neural
activity between cortical areas is a continuing topic of research.
Initial encoding of biological motion occurs in regions of the
posterior inferior temporal sulcus, in particular the medial tem-
poral area (MT) (Grossman and Blake, 2002; Thompson et al.,
2005). It is thought that the processing of features that com-
pose an action may begin in this area, but that action recognition
requires integration across features that is carried out in higher-
order visual areas, in particular the superior temporal sulcus
(STS). The STS is viewed as a critical brain structure for the recog-
nition of human actions (Grossman and Blake, 2002). This was
first demonstrated in single-unit recording studies in monkeys
(Perrett et al., 1985) and subsequently confirmed in fMRI studies
in humans (Grossman and Blake, 2002; Puce and Perrett, 2003).
More importantly, the necessity of STS for action understanding
was established in a large-sample study of stroke patients with
unilateral lesions of STS and inferior frontal cortex but not of
other brain regions (Saygin, 2007).
FIGURE 4 | Brain areas involved in action understanding. IFG, inferior
frontal gyrus; IPS, intraparietal sulcus; MT, middle temporal gyrus; STS,
superior temporal sulcus; vPMC, ventral premotor cortex.
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Additional evidence that the STS is important for the for-
mation of action-specific representations comes from studies
using the fMRI adaptation technique, in which neural responses
to repeated stimuli that belong to the same category are com-
pared to those to novel stimuli (Grill-Spector et al., 2006). Using
this method, Grossman et al. (2010) showed that adaptation to
repeated actions in STS was independent of the angle from which
the actions were viewed, indicating that the STS is associated with
the formation of higher-order representations of actions.
Additional processes must supplement the encoding of biolog-
ical motion and the representation of actions for action under-
standing to occur. These include information about objects being
used by another person [e.g., such as a gun or hairdryer as in
the previously-described study by Parasuraman et al. (2009)].
Contextual information about the setting, or prior knowledge, are
other factors that will influence understanding the meaning of
another person’s actions and of inferring their intent, including
the possibility of threat. Brain regions outside the primary bio-
logical motion/action representation regions of the STS appear
to be associated with such intention understanding. They include
the inferior parietal and inferior frontal cortex. For example, in
a study examining neural activity associated with grasping move-
ments, Hamilton and Grafton (2006) showed that activation of
the inferior parietal lobule (IPL) and the anterior intra-parietal
sulcus (aIPS) was associated with processing the goal of the
observed grasping action, rather than the movement kinematics
of the action. In addition, the ventral premotor cortex (vPMC)
and the inferior frontal gyrus (IFG) also appear to code the inten-
tion behind specific actions of others (de Lange et al., 2008; for a
review, see Grafton and Tipper, 2012).
While there is good evidence that the brain regions shown
in Figure 4 are involved in the encoding, representation, and
understanding of the actions of others, how these regions inter-
act together, their relative timing of activation, and the effects of
attention, are all not fully understood and are current topics of
research. One approach to examining the coordination and rela-
tive timing issues is to supplement fMRI with electrophysiological
methods such as EEG and MEG that have higher temporal reso-
lution than fMRI. This method was used by Ortigue et al. (2009),
who examined fMRI and high-density ERPs during performance
of a version of the gun/hairdryer task described previously in the
study by Parasuraman et al. (2009). Participants were instructed
to attend to a series of 3 s-video-clips displaying a hand using or
moving either a gun or hairdryer. They were required to respond
rapidly (within 1 s) at the end of the last clip to indicate whether
the action was consistent with an intention to use (e.g., fire the
gun) or transport the object (e.g., move the hairdryer). The fMRI
adaptation technique was also used, so that successive trials either
repeated a hand-object interaction that reflected the same inten-
tion (e.g., use, use) or a different intention (e.g., use, transport).
ERPs were recorded using the same event sequence in a separate
session. Ortigue et al. (2009) found that compared to when the
intentional action was repeated, novel intentions were associated
with greater activation in the STS, IPS, and IFG, the main com-
ponents of the action understanding network shown in Figure 4.
The network for understanding intentions extends beyond earlier
visual processing areas involved in feature detection (e.g., object
shape and size discrimination). In addition, ERP analysis showed
that repeated and novel intentions differed in both early activity
(∼120ms) that was localized to the STS and IPS and later activity
(∼350ms) that was maximal in the IPS and IFG. These findings
suggest that understanding the intent behind the movement and
actions of another person, including determination of a threaten-
ing intent such as firing a gun, involves a distributed network of
neocortical regions. The spatiotemporal dynamics of activation in
this network can be specified to a degree. However, is it the case
that attention has an influence on components of the network?
We turn to this issue next.
EFFECTS OF ATTENTION
There are several ways that attention has been manipulated
in neuroimaging studies to examine modulation of stimulus-
processing cortical areas and the sources of such modula-
tion (Posner and Petersen, 1990; Petersen and Posner, 2012).
Previously we described two methods of increasing the atten-
tional demands of biological motion perception, as suggested
by Nakayama and Joseph (1998)—requiring participants to per-
form a challenging secondary task, or asking them to maintain
attention to rarely occurring target stimuli in degraded visual
images over a long period of time. Both of these attentional
challenges are likely to occur in naturalistic threat detection envi-
ronments. Another method, related to the dual-task technique, is
to present other moving stimuli that do not need to be responded
to but which compete for the participant’s attention because they
overlap with the movements that the participant has to process
(O’Craven et al., 1999). The use of overlapping stimuli that appear
in the same location also allows one to distinguish effects of atten-
tion on higher-order representations of biological motion and
action from effects of spatial attention, which strongly modu-
lates activity in widespread brain regions (Corbetta and Shulman,
2002).
Safford et al. (2010) used this method to examine whether
attention modulated neural activity (using fMRI and ERPs) in the
action understanding network when competing, non-biological
motion was simultaneously present. Participants viewed videos
of human point light motion (e.g., a person doing jumping jacks)
that were superimposed on videos of tool motion. Participants
were required to perform a 1-back task on either the biologi-
cal motion or the tool motion, that is, to detect whenever one
type of motion was repeated. Thus the task required participants
to pay attention to one category of movement. fMRI revealed
that activation of the STS was higher when participants attended
to biological motion and was strongly suppressed when partici-
pants attended to the tool motion, even when biological motion
was present but not task-relevant. The data suggested that atten-
tion acts on actions at the level of object-based representations,
because the only way to select the human actions when they
spatially overlapped the tool motion was by using the specific
combination of form and motion that define that action. Safford
et al. (2010) also recorded ERPs in the same participants and to
the same stimuli in a separate session. Source localization analyses
revealed that bilateral parietal and right lateral temporal cortices
showed early activity at about 200ms for both biological and tool
motion. However, at about 450ms, greater neural activity in the
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right STS was observed for biological motion. Moreover, this later
neural response to biological motion was strongly modulated by
attention. The combined use of fMRI and EEG thus revealed the
spatiotemporal characteristics of biological motion perception in
the human brain.
A recent study by Hars et al. (2011) provided corrobora-
tive neuroimaging evidence for the modulating effects of atten-
tion on neural activity in brain regions subserving biological
motion perception and action understanding. They had partici-
pants who were trained gymnasts watch either naturalistic videos
of an expert perform acrobatic gymnastic movements or rela-
tively impoverished point-light displays of the same movements,
recorded with a motion capture system and from the same expert.
EEG was recorded from 64 scalp sites and analyzed in three
frequency bands (4–8, 8–10, and 10–13Hz). Functional connec-
tivity for the supplementary motor area in the 4–8 and 8–10Hz
frequency bands was greater during the less familiar and more
attentional demanding point-light display than for the videos.
The authors concluded that experts at understanding particular
actions nevertheless require attention to understand those actions
when they occur under unfamiliar viewing conditions, as with the
point-light displays.
BRAIN STIMULATION STUDIES
The fMRI and ERP studies we have described have identified
the key brain regions associated with biological motion per-
ception and action understanding and, to a degree, the tem-
poral dynamics of interactions between different parts of this
network. We have also shown that attention modulates neural
activity in key cortical regions, such as the STS. The source of
such attentional modulation is the frontoparietal attention con-
trol network (Posner and Petersen, 1990; Petersen and Posner,
2012). This suggests that in cases where action understanding
and threat detection is challenging and prone to error, such as
those described previously—visually degraded images, obscured
or overlapping movements, secondary tasks that must be per-
formed, etc.—stimulation of the attention control network might
be a possible method to boost performance, consistent with the
sense-assess-augment framework described previously.
Skill in threat detection typically develops only after exten-
sive training. For example, intelligence analysts looking at satellite
imagery for threats or security officers examining surveillance
videos of people for suspects may require many months or years
to develop their expertise. At the same time, the number of
operational settings that demand skilled surveillance operators is
increasing day by day. Hence, validated augmentation methods
that can accelerate learning and enhance performance in threat
detection will meet a critical need.
There are many different techniques that are available for aug-
menting human perceptual and cognitive performance. These
include neuropharmaceuticals or implants to improve alert-
ness or memory (Mackworth, 1965; Warburton and Brown,
1972; Lynch, 2002). Selecting persons based on their genotype
(Parasuraman, 2009), or even genetic modification itself, are
other somewhat futuristic possibilities. While such methods raise
many ethical issues (Farah et al., 2004) and may be questionable
to some, potential adversaries may be entirely willing to make
use of them without reservation. Developing acceptable ways of
using science and technology to augment human performance
will become increasingly essential for realizing the benefits that
many technologies afford. The current technical maturity of var-
ious approaches in this area varies widely, but significant steps to
advance and develop early implementations are possible now and
over the next decade.
A newly emerging augmentation method is to use non-
invasive brain stimulation to modulate neuronal activity. There
are many such brain stimulation methods, but the two that have
received the greatest empirical scrutiny are Transcranial Magnetic
Stimulation (TMS) and transcranial direct current stimulation
(tDCS) (Utz et al., 2010; McKinley et al., 2012; Nelson et al.,
2013). The latter method uses small DC electric currents (typi-
cally 1–2mA) that are applied to the scalp of the participant either
before or during the performance of a cognitive or motor task.
Brain stimulation at these current levels is safe for use in healthy
subjects for up to about 30min of stimulation (Bikson et al.,
2009). The mechanism by which tDCS influences brain func-
tion is not precisely known, but is thought to involve alteration
of the electrical environment of cortical neurons, specifically
small changes in the resting membrane potential of neurons, so
that they fire more readily to input from other neurons (Bikson
et al., 2004). A positive (anodal) polarity is typically used to
stimulate neuronal function and enhance cognitive or motor per-
formance. Conversely, a negative (cathodal) polarity is used to
inhibit neuronal activity.
A number of tDCS studies have shown that it is possible to
enhance humanperformance through the application of low-level
DC current to the scalp while participants are engaged in simple
perceptual, cognitive, and motor tasks (see Utz et al., 2010, for a
review). Recently, Pavlidou et al. (2012) also reported improve-
ment in discrimination of point-light stimuli depicting human
and animal motion with tDCS of premotor cortex. However, they
also reported that tDCS increased false alarms in their discrimina-
tion task, so that it is unclear whether tDCS can reliably enhance
perceptual sensitivity (in the signal detection theory sense; Green
and Swets, 1966), or whether it just lowers the threshold for detec-
tion. If the latter were true, it would not support the potential use
of tDCS for augmenting threat detection. If both correct and false
reports of threat increase with tDCS, threat detection efficiency
would not be increased. Moreover, to evaluate whether tDCS can
be an effective augmentation technique for threat detection, it
should be examined in threat detection tasks with complex targets
and naturalistic scenes. Finally, for tDCS to be a viable augmenta-
tion technique, its effects should not be transient but should last
for some time, preferably for hours if not days.
A recent study by Falcone et al. (2012) addressed these issues.
They examined whether tDCS would improve performance in
a complex threat detection task and thereby accelerate learn-
ing. Signal detection theory analysis was used to examine effects
of brain stimulation on perceptual sensitivity independently of
bias. Furthermore, retention of any tDCS benefit on threat detec-
tion was assessed by testing participants immediately following
and 24 h after brain stimulation. Participants were shown short
videos of naturalistic scenes containing movements of soldiers
and civilians that were taken from the “DARWARS Ambush”
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virtual reality software (MacMillan et al., 2005). Half of the scenes
included possible threats that participants had to detect, while
the other half did not. Examples of threats and non-threats are
shown in Figure 5. Participants were only told that they were
to determine whether or not there was a threat present in the
image, without being provided specific details as to what types of
possible threats were present. For example, Figure 5 (top) shows
a threat involving a plainly clothed civilian with a concealed
weapon behind his back (in his belt). The corresponding non-
threat is shown in Figure 5 (bottom). Other examples of threats
were a sniper about to fire from a hidden location or a civilian
sneaking up behind military personnel. In all cases, non-threats
showed the same elements of the scene but without the critical
object or movement that constituted the threat. Threat stimuli
were subtle enough to be missed on first viewing but could be
better identified with training.
During training participants were required to make a but-
ton press within 3 s of stimulus onset to indicate whether the
scene contained a threat or a non-threat. After each response a
short feedback video was presented for all four outcomes: hit,
miss, false alarm, or correct rejection. If a threat was present
FIGURE 5 | Examples of images indicating threat (top) and non-threat
(bottom) situations. From Falcone et al. (2012).
and the participant correctly reported it (a hit), the movie
showed the scene progressing without harm and simultaneously a
computer-generated voice-over complimented the participant. If
a threat was present in the image but the participant missed it, the
feedback movie showed the consequence of the failure to detect
the threat (e.g., vehicle explosion, friendly casualty, building being
destroyed). On a non-threat trial, if the participant responded
that a threat was present (false alarm), the voice-over chastised
the participant. Finally, if the participant correctly indicated that
no threat was present on a non-threat trial (correct rejection),
the voice-over praised the participant for correct response. None
of these feedback videos provided specific information as to the
identity of the threats. Participants were given four training blocks
of 60 trials each. Each training block contained 60 trials, approx-
imately half of which contained threats, and lasted 12min. Test
blocks were given before and after training and were similar to
training blocks, except that no feedback was given after each
response.
Anodal tDCS was applied to the electrode site F10 in the
10–10 EEG system, over the right sphenoid bone. The cathode
was placed on the contralateral (left) upper arm. The site of the
anode was selected based on previous fMRI results showing that
this region of the frontal cortex was the primary locus of neu-
ral activity associated with performance of this task (Clark et al.,
2012). This brain region is also part of the frontoparietal attention
network. Hence, Falcone et al. (2012) reasoned that stimulation of
this region with tDCS could serve to provide additional top-down
attention control signals to the action understanding network
and hence boost threat detection performance. Participants were
randomly assigned to either active (2mA current) or sham stim-
ulation (0.1mA) from the tDCS unit for a total of 30min during
the first two training blocks, beginning 5min before the training
started.
Figure 6 shows the results for the perceptual sensitivity
measure d′. Compared to the 0.1mA sham stimulation con-
trol, stimulation with 2mA tDCS increased perceptual sen-
sitivity in detecting targets and accelerated learning. As
expected, performance was near chance in both groups at the
beginning of training. However, the performance gain with tDCS
FIGURE 6 | Perceptual sensitivity (d ′) of threat detection across test
and training blocks for active (2mA) and sham (0.1mA) brain
stimulation groups. From Falcone et al. (2012).
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FIGURE 7 | Perceptual sensitivity (d ′) of threat detection in the
pre-training baseline, immediate post-training retention test, and
24-hour retention test blocks for active (2mA) and sham (0.1mA) brain
stimulation groups. From Falcone et al. (2012).
was extensive: on completion of training, participants in the active
stimulation group had more than double the perceptual sensitiv-
ity of the control group. Furthermore, there were no group or
training effects on the response bias measure β, indicating that
tDCS improved the actual efficiency of threat detection. Finally,
the performance enhancement was maintained for 24 h, as shown
in Figure 7. Following cessation of brain simulation training,
threat detection sensitivity remained at a high level (immedi-
ate retention). Furthermore, while there was some forgetting
when participants returned for testing a day later, 24-h reten-
tion remained relatively high. This last finding bodes well for the
use of tDCS as a training method with potentially lasting effects,
although retention over longer periods of days and months will
need to be demonstrated.
CONCLUSIONS
Civilian and military operations in the field of security depend
on efficient interaction between technological systems and their
human operators. Although the final decision in security-related
tasks such as threat detection is typically placed in human hands,
machine detection and analysis represent important inputs that
are used by human decision makers. Thus, the overall efficiency
of the human-machine system depends on the cognitive and
affective characteristics of human operators. In this paper we
have proposed that improving threat detection in these envi-
ronments requires a number of steps. First, analysts must sense
when less than ideal conditions exist for the human operator in
a threat detection task. Second, threat detection performance in
that condition must be assessed relative to an expected standard.
Third, augmentation methods must be applied if the standard
is not met.
Behavioral and neuroimaging studies of sensing and assess-
ment of humans performing threat detection tasks show that
attention plays an important role in action identification and
understanding. Attention is critically important when operators
have to view images that are obscured by other objects or move-
ments, or are visually degraded, when other tasks compete for the
operator’s attention, or when threats occur infrequently over a
prolonged period of surveillance–all features that are character-
istic of security-related operations.
Neuroimaging studies reveal that action understanding
recruits the superior temporal cortex, intraparietal cortex, and
inferior frontal cortex. Within this network, attention modulates
activation of the STS and middle temporal gyrus. The dorsal
frontoparietal network may provide the source of attention-
modulation signals to action representation areas. If sensing
and assessment of the human operator reveals attention to be
a limiting factor in threat detection, stimulation of the atten-
tion network provides a method for augmenting performance.
tDCS represents one such augmentation method. tDCS of the
frontoparietal network boosts top-down attention control signals
that can enhance the detection and identification of threat-related
actions.
The cognitive, neuroimaging, and brain stimulation studies
we have described provide converging evidence for the critical
role of attention in threat detection. As such, these studies are a
starting point for a deeper understanding of the neurocognitive
mechanisms of threat detection. Although some of the studies
we described used naturalistic scenes and videos, additional work
needs to be done with even more realistic scenarios and under
conditions that better approximate threat detection in real-world
security operations.
ACKNOWLEDGMENTS
This work was supported by Air ForceOffice of Scientific Research
grant FA9550-10-1-0385 to Raja Parasuraman and the Center
of Excellence in Neuroergonomics, Technology, and Cognition
(CENTEC), George Mason University.
REFERENCES
Bikson, M., Datta, A., and Elwassif,
M. (2009). Establishing safety lim-
its for transcranial direct current
stimulation. Clin. Neurophysiol. 120,
1033–1034. doi: 10.1016/j.clinph.
2009.03.018
Bikson, M., Inoue, M., Akiyama, H.,
Deans, J. K., Fox, J. E., Miyakawa,
H., et al. (2004). Effects of uniform
extracellular DC electric fields
on excitability in rat hippocam-
pal slices in vitro. J. Physiol. 557,
175–179. doi: 10.1113/jphysiol.
2003.055772
Billino, J., Bremmer, F., and
Gegenfurtner, K. R. (2008).
Differential aging of motion
processing mechanisms:
evidence against general per-
ceptual decline. Vis. Res. 48,
1254–1261. doi: 10.1016/j.visres.
2008.02.014
Blake, R., and Shiffrar, M.
(2007). Perception of human
motion. Ann. Rev. Psychol. 58,
47–73. doi: 10.1146/annurev.psych.
57.102904.190152
Chandrashekharan, C., Turner, L.,
Bulthoof, H. H., and Thornton, I.
(2010). Attentional networks and
biological motion. Psihologija 43,
5–20. doi: 10.2298/PSI1001005C
Chen, J. Y. C., and Barnes, M. J. (2012).
Supervisory control of multiple
robots: effects of imperfect automa-
tion and individual differences.
Hum. Factors 54, 157–174. doi:
10.1177/0018720811435843
Clark, V. P., Coffman, B. A., Mayer,
A. R., Weisend, M. P., Lane,
T. D. R., Calhoun, V. D., et al.
(2012). TDCS guided using
fMRI significantly accelerates
learning to identify concealed
objects. Neuroimage 59, 117–128.
doi: 10.1016/j.neuroimage.2010.
11.036
Cohen, C. J., Morelli, F., and Scott,
K. A. (2008). A surveillance system
for the recognition of intent within
individuals and crowds. Proc. IEEE
Frontiers in Human Neuroscience www.frontiersin.org June 2013 | Volume 7 | Article 273 | 8
Parasuraman and Galster Attention and threat detection
Attentive Brain, ed R. Parasuraman
(Cambridge, MA: MIT Press),
279–298.





Nelson, J. T., McKinley, R. A.,
Golob, E. J., Warm, J. S., and
Parasuraman, R. (2013). Enhancing
vigilance in operators with pre-
frontal cortex transcranial direct
stimulation. Neuroimage. doi:
10.1016/j.neuroimage.2012.11.061
Nickerson, R. (2010). Role of human
factors and ergonomics in meet-
ing the challenge of terrorism. Am.
Psychol. 66, 555–566. doi: 10.1037/
a0024474
Norman, D. A., and Bobrow, D.
G. (1975). On data-limited and
resource-limited processing. Cogn.
Psychol. 7, 44–60. doi: 10.1016/
0010-0285(75)90004-3
Norman, J. F., Payton, S. M., Long, J.
R., and Hawkes, L. M. (2004). Aging
and the perception of biological
motion. Psychol. Aging 19, 219–225.
doi: 10.1037/0882-7974.19.1.219
O’Craven, K. M., Downing, P. E., and
Kanwisher, N. (1999). fMRI evi-
dence for objects as the units of
attentional selection. Nature 401,
584–587. doi: 10.1038/44134
Ortigue, S., Thompson, J. C.,
Parasuraman, R., and Grafton,
S. T. (2009). Spatio-temporal
dynamics of human intention
understanding in temporo-parietal
cortex: a combined EEG/fMRI
repetition suppression paradigm.
PLoS ONE 4:e6962. doi: 10.1371/
journal.pone.0006962
Parasuraman, R. (2009). Assaying
individual differences in cognition
with molecular genetics: theory and
application. Theor. Iss. Erg. Sci. 10,
399–416.
Parasuraman, R. (2011). Neuro-
ergonomics: brain, cognition, and
performance at work. Curr. Dir.
Psychol. Sci. 20, 181–186. doi:
10.1177/0963721411409176
Parasuraman, R., Christensen,
J., and Grafton, S. (2012).
Neuroergonomics: the brain in
action and at work. Neuroimage
59, 1–3. doi: 10.1016/j.neuroimage.
2011.08.011
Parasuraman, R., De Visser, E., Clarke,
E., McGarry, W. R., Hussey, E.,
Shaw, T., et al. (2009). Detecting
threat-related intentional actions of
others: effects of image quality,
response mode, and target cue-
ing on vigilance. J. Exp. Psychol.
Appl. 15, 275–290. doi: 10.1037/
a0017132
Parasuraman, R., and Rizzo, M. (2008).
Neuroergonomics: The Brain at
Work. New York, NY: Oxford
University Press.
Pavlidou, A., Edwards, M., Lange, J.,
Schnitzler, A., and Bell, J. (2012).
“Anodal stimulation of premotor
cortex facilitates the recognition of
different forms of movements,” in
Proceedings of the NeuroVisionen 8
Conference, 95, (Aachen).
Perrett, D. I., Smith, P. A. J., Mistlin,
A. J., Chitty, A. J., Head, A. S.,
Potter, D. D., et al. (1985). Visual
analysis of body movements by
neurones in the temporal cortex
of the macaque monkey: a pre-
liminary report. Behav. Brain Res.
16, 153–170. doi: 10.1016/0166-
4328(85)90089-0
Petersen, S. E., and Posner, M. I.
(2012). The attention system
of the human brain: 20 years
later. Annu. Rev. Neurosci. 35,
73–89. doi: 10.1146/annurev-
neuro-062111-150525
Posner, M. I., and Petersen, S. E.
(1990). The attention system of the
human brain. Annu. Rev. Neurosci.
13, 25–42. doi: 10.1146/annurev.ne.
13.030190.000325
Puce, A., and Perrett, D. (2003).
Electrophysiology and brain
imaging of biological motion.
Philos. Trans. R. Soc. Lond. B
Biol. Sci. 358, 435–445. doi:
10.1098/rstb.2002.1221
Robertson, I. H., Manly, T., Andrade,
J., Baddeley, B. T., and Yiend,
J. (1997). “Oops!” Performance
correlates of everyday atten-
tional failures in traumatic
brain injured and normal adults.
Neuropsychologia 35, 215–226. doi:
10.1016/S0028-3932(97)00015-8
Safford, A. S., Hussey, E. A.,
Parasuraman, R., and Thompson,
J. C. (2010). Object-based atten-
tional modulation of biological
motion processing: spatiotem-
poral dynamics using functional
magnetic resonance imaging and
electroencephalography. J. Neurosci.
30, 9064–9073.
Saygin, A. P. (2007). Superior tempo-
ral and premotor brain areas nec-
essary for biological motion per-
ception. Brain 130, 2452–2461. doi:
10.1093/brain/awm162
Simion, F., Regolin, L., and Bulf,
H. (2008)s. A predisposition for
biological motion in the new-
born baby. Proc. Natl. Acad.
Sci. U.S.A. 105, 809–813. doi:
10.1073/pnas.0707021105
Stedmon, A. W., Harris, S., and
Wilson, J. R. (2011). Simulated
multiplexed CCTV: the effects
of screen layout and task
Frontiers in Human Neuroscience www.frontiersin.org June 2013 | Volume 7 | Article 273 | 9
Conf. Technol. Homeland Sec. 5,
559–565.
Corbetta, M., and Shulman, G. L.
(2002). Control of goal-directed
and stimulus-driven attention in
the brain. Nat. Rev. Neurosci. 3,
201–215. doi: 10.1038/nrn755
Cummings, M. L., Brezinski, A. S., and
Lee, J. D. (2007). Operator per-
formance and intelligent aiding in
unmanned aerial vehicle schedul-
ing. IEEE Intell. Syst. 22, 52–59.
Dahm, W. (2010). Report on Technology
Horizons: A Vision for Air Force
Science, and Technology During
2010–2030. Technical Report.
Washington, DC: United States Air
Force.
de Lange, F. P., Spronk, M., Willems,
R. M., Toni, I., and Bekkering,
H. (2008). Complementary sys-
tems for understanding action
intentions. Curr. Biol. 18, 454–457.
doi: 10.1016/j.cub.2008.02.057
Eriksen, B. A., and Eriksen, C. W.
(1974). Effects of noise letters
upon the identification of a target
letter in a non-search task. Percept.
Psychophys. 16, 143–149. doi:
10.3758/BF03203267
Falcone, B., Coffman, B. A., Clark,
V. P., and Parasuraman, R. (2012).
Transcranial direct current stimu-
lation enhances perceptual sensi-
tivity and 24-hour retention in a
complex threat detection task. PLoS
ONE 7:e34993. doi: 10.1371/jour-
nal.pone.0034993
Farah, M. J., Illes, J., Cook-Deegan,
R., Gardner, R., Kandel, E., King,
P., et al. (2004). Neurocognitive
enhancement: what can we do
and what should we do? Nat.
Rev. Neurosci. 5, 421–425. doi:
10.1038/nrn1390
Galster, S. M., and Johnson, E. M.
(2013). Sense-Assess-Augment: A
Taxonomy for Human Effectiveness.
Technical Report. Wright-
Patterson Air Force Base, OH:
United States Air Force Research
Laboratory.
Giese, M. A., and Poggio, T. (2002).
Neural mechanisms for the recog-
nition of biological movements.
Nat. Rev. Neurosci. 4, 179–192. doi:
10.1038/nrn1057
Gilmore, G. C., Wenk, H., Naylor, L.,
and Stuve, T. (1992). Motion per-
ception and aging. Psychol. Aging 7,
654–660. doi: 10.1037/0882-7974.
7.4.654
Grafton, S. T., and Tipper, C. M.
(2012). Decoding intention: a
neuroergonomic perspective.
Neuroimage 59, 14–24. doi: 10.1016/
j.neuroimage.2011.05.064
Green, D. M., and Swets, J. A. (1966).
Signal Detection Theory and
Psychophysics. New York, NY:
Wiley.
Grill-Spector, K., Henson, R., and
Martin, A. (2006). Repetition
and the brain: neural models of
stimulus-specific effects. Trends
Cogn. Sci. 10, 14–23. doi: 10.1016/j.
tics.2005.11.006
Grossman, E. D., and Blake, R.
(2002). Brain areas active during
visual perception of biological
motion. Neuron 35, 1167–1175. doi:
10.1016/S0896-6273(02)00897-8
Grossman, E. D., Jardine, N. L., and
Pyles, J. A. (2010). fMR-adaptation
reveals invariant coding of biolog-
ical motion on the human STS.
Front. Hum. Neurosci. 4:15. doi:
10.3389/neuro.09.015.2010
Hamilton, A. F., and Grafton, S.
T. (2006). Goal representation
in human anterior intrapari-
etal sulcus. J. Neurosci. 26,
1133–1137. doi: 10.1523/
JNEUROSCI.4551-05.2006
Hars, M., Hars, M., Stam, C. J., and
Calmels, C. (2011). Effects of
visual context upon functional
connectivity during observation
of biological motions. PLoS ONE
6:e25903. doi: 10.1371/journal.
pone.0025903
Jiang, Y., Greenwood, P., and
Parasuraman, R. (1999). Age-
related reduction in 3-D motion
priming. Psychol. Aging 14,
619–626. doi: 10.1037/0882-
7974.14.4.619
Johansson, G. (1973). Visual per-
ception of biological motion and
a model for its analysis. Percept.
Psychophys. 14, 201–211. doi:
10.3758/BF03212378
Lynch, G. (2002). Memory enhance-
ment: the search for mechanism-
based drugs. Nat. Rev. Neurosci. 5,
1035–1038. doi: 10.1038/nn935
Mackworth, J. F. (1965). Effect of
amphetamine on the detectabil-
ity of signals in a vigilance task.
Can. J. Psychol. 19, 104–110. doi:
10.1037/h0082897
MacMillan, J., Alexander, A. L.,
Weil, S. A., Littleton, B., and
Roberts, B. (2005). DARWARS: An
Architecture that Supports Effective
Experiential Training. Cambridge,
MA: Technical Report. Waltham,
MA: BBN Technologies.
McKinley, R. A., Bridges, N., Walters,
C. M., and Nelson, J. (2012).





Nakayama, K., and Joseph, J. S. (1998).
“Attention, pattern recognition, and
pop out in visual search,” in The
Parasuraman and Galster Attention and threat detection
complexity on user performance
and strategies. Secur. J. 24,
344–356. doi: 10.1057/sj.2010.7
Thompson, J., and Parasuraman,
R. (2012). Attention, biological
motion, and action recogni-
tion. Neuroimage 59, 4–13. doi:
10.1016/j.neuroimage.2011.05.044
Thompson, J. C., Clarke, M.,
Stewart, T., and Puce, A. (2005).
Configural processing of biolog-
ical motion in human superior
temporal sulcus. J. Neurosci. 25,
9059–9066. doi: 10.1523/JNEURO
SCI.2129-05.2005
Tickner, A. H., and Poulton, E.
C. (1975). Watching for peo-
ple and actions. Ergonomics 18,
35–51. doi: 10.1080/001401375
08931438
Thornton, I. M., Rensink, R. A., and
Shiffrar, M. (2002). Active ver-
sus passive processing of biological
motion. Perception 31, 837–853.
Thornton, I. M., and Vuong, Q. C.
(2004). Incidental processing of
biological motion. Curr. Biol. 14,
1084–1089.
Utz, K. S., Dimova, V., Oppenlander,
K., and Kerkhoff, G. (2010).
Electrified minds: transcranial
direct current stimulation (tDCS)
and Galvanic Vestibular Stimulation
(GVS) as methods of non-invasive
brain stimulation in neuropsy-
chology. A review of current




Warburton, D. M., and Brown,





Warm, J. S., Parasuraman, R., and
Matthews, G. (2008). Vigilance
requires hard mental work and
is stressful. Hum. Factors 50,
433–441. doi: 10.1518/001872008X
312152
Conflict of Interest Statement: The
authors declare that the research
was conducted in the absence of any
commercial or financial relationships
that could be construed as a potential
conflict of interest.
Received: 04 April 2013; accepted: 26
May 2013; published online: 12 June
2013.
Citation: Parasuraman R and Galster S
(2013) Sensing, assessing, and augment-
ing threat detection: behavioral, neu-
roimaging, and brain stimulation evi-
dence for the critical role of atten-
tion. Front. Hum. Neurosci. 7:273. doi:
10.3389/fnhum.2013.00273
Copyright © 2013 Parasuraman and
Galster. This is an open-access article
distributed under the terms of the
Creative Commons Attribution License,
which permits use, distribution and
reproduction in other forums, provided
the original authors and source are
credited and subject to any copyright
notices concerning any third-party
graphics etc.
Frontiers in Human Neuroscience www.frontiersin.org June 2013 | Volume 7 | Article 273 | 10
